The structures, electronic states and low temperature properties have been observed for amorphous Ce-Cu, Ce-Si and Ce-Ru alloys produced by sputtering. The X-ray diffraction analyses of these alloys indicate that the chemical short range structures of the amorphous Ce-Cu and Ce-Si alloys are ordered, resembling their crystalline counterparts, while that of the amorphous Ce-Ru alloy is disordered, being different from its crystalline counterpart. X-ray photoemission spectra indicate that the amorphous Ce-Cu alloy is trivalent, the amorphous Ce-Ru alloy shows hybridization between the 4f and conduction electrons (whose valence number is about 3.23) and the electronic state of the amorphous Ce-Si alloy is intermediate between those of the amorphous Ce-Cu and Ce-Ru alloys. The electronic specific heat coefficient estimated from the specific heat above 10 Κ is more than a hundred times larger than those of simple metals and it rapidly increases below 5 Κ (a heavy fermion behavior). The electrical resistivity is large due to disorder scattering and its temperature dependence displays AogT dependence at low temperatures (an incoherent or impurity Kondo effect). However, it shows roughly AT 2 (A>0) dependence and positive magnetoresistance in the amorphous Ce-Ru alloy whose crystalline counterpart has a very high Kondo temperature (a coherent Kondo effect). These results demonstrate that the heavy fermion characteristics are depressed but not deleted even in random alloys.
INTRODUCTION
4f-electrons have traditionally been treated as localized electrons in rare earth elements; however, the energy level of 4f-electrons becomes comparable with those of Ss and 5p electrons in early and late lanthanide elements, Ce, Yb, etc., their compounds and oxides, showing the so-called mixed-valence state 111. In these systems, since the inner s-electrons attracted by the bare deep nuclear potentials shield the 4f-electrons from these nuclear potentials, the 4f-electrons are pushed out and hybridized with the conduction electrons. They often behave like itinerant electrons (valence-fluctuation phenomena) 111, where the number of 4f-electrons or holes, />/, varies between 0 and 1 depending upon the promotion to the 5d and 6s states 131. Recent X-ray photoelectron spectroscopic (XPS) studies have proposed a new picture for these Ce intermetallic compounds based upon the venerable impurity Anderson Hamiltonian IM. Therefore, a spectroscopic study, correlated with the ground-state properties, is a powerful tool in elucidating the microscopic origins of alloying effect Moreover, 4f-electrons carrying large spin and orbital moments become a conduction electron scatterer, because the hybridization enhances a Kondo type electrons correlation. At lower temperature, the hybridized electrons form a quasi-bound state near the Fermi level, E P , and their density of state increases. The intensity of such electron correlation is scaled by the Kondo temperature, Since the average radius of a 4f-electron shell is much smaller than that of a 3d electron shell, the direct interatomic interaction is too small to result in a magnetic order state. However, the indirect interaction between the localized 4f-electrons has to be taken into account through the Ruderman-Kittel-Kasuya-Yoshida (RKKY) spin density oscillations. The intensity of RKKY interaction can be characterized by the temperature, Trkky w where W is the width of the conduction electron band. In most lanthanide intermetallics, 4f levels immerse deeply below E F and J is so small that T K is negligible with respect to T^ay, the magnetic transition occurs and localized magnetic moments are frozen at low temperatures. However, the anomalous proximity of E P and E 4 j results in enhancement of J and an increase in T K . In this case, formation of a narrow peak near E F suppresses magnetic transitions and realizes the non-magnetic Kondo singlet ground state, revealing several low temperature anomalies even in high concentration ranges of lanthanide elements 161.
In Ce-based intermetallics, the competition of the Kondo type correlation with the RKKY type magnetic interaction and the crystalline field effect give rise to many magnetic transitions and complicated ground states 111. They show an incoherent (or impurity) Kondo behavior at high temperatures owing to strong correlation of conduction electrons with the localized magnetic moments, while they show the Fermi liquid quasiparticle state with a large effective mass (a heavy fermion behavior) owing to the crossover to a many-body resonance state, in particular, coherent Kondo behaviors at low temperatures, probably due to the Bloch state of the 4f-electrons in the periodical arrangement of Ce atoms. In contrast to the many systematic studies carried out on Ce-based intermetallics, few studies have been done on the physical properties of amorphous Ce alloys /8-11/, which are topologically and chemically homogeneous, isotropic and lose any crystalline symmetry. The effect of structure disorder on heavy fermion characteristics has not been well understood, although lattice defects and atomic disordering have been known to suppress the heavy fermion characteristics of these compounds /12,13/.
We have prepared amorphous Ce-based bulk alloys by a high rate DC-triode sputtering using alloy targets. This paper reviews the physical properties of CeuCugs, Ce66Si 3 4 and CesgRi^ amorphous alloys at low temperatures and discuss the characteristic heavy fermion behaviors in these random alloy systems. It also describes the structures and electronic states of these amorphous Ce alloys, based upon the results of detailed X-ray diffraction and Ce-3d core level XPS.
STRUCTURE OF AMORPHOUS Ce-Cu,
Ce-Si AND Ce-Ru ALLOYS Halo patterns are prominent for all of the sputter-deposited Ce 15 Cu 8 5, Ce«Si34 and Ce 5 8Ru42 amorphous alloys. In these amorphous alloys, we separate fairly well atomic correlations of Ce-Ce, Ce-Cu, Ce-Si, Ce-Ru, Cu-Cu, Si-Si and Ru-Ru because of the marked differences of their atomic sizes /14/. Partial radial distribution function, RDF(ij), was estimated for the nearest neighbor j atoms around the i atom by means of a non-linear least square fitting method using a sum of the Gaussian curves and the Goldschmidt radii as the initial parameters /15/. The structural parameters such as the interatomic distance and the partial coordination number can be derived.
Since RDF of amorphous alloys includes merely one dimensional information of their three-dimensional atomic distribution in the real space, the comparative study of amorphous alloys with their crystalline counterparts is helpful in understanding their short range structures. We calculated RDF for the intermetallics with a similar composition to the amorphous alloys by broadening their discrete atomic distribution functions with the Gaussian function. RDF reduced from a summation of pair correlation functions is also shown in Fig. 1 . Although the coordination shell of the nearest neighbors for the Cei 5 Cug 5 amorphous alloys reflect that of the crystalline counterpart, the interatomic distance of the nearest neighbor Ce-Ce pairs in the amorphous alloy is shorter than that of the intermetallics. Moreover, the Cei 5 Cu 8 5 amorphous alloy has a weaker integrated intensity up to 0.35 nm than the CeCuö intermetallic. The atomic pair distance of Ce-Ce is shorter in the amorphous alloys than in the 
amorphous alloy is also positive owing to the chemically ordered structure. On the contrary, the short range order parameter is negative for the amorphous Ce 58 Ru42 alloy while it is positive for the crystalline intermetallics. This indicates that the amorphization promotes clustering of the same kind of atoms in contrast to their crystalline counterparts.
ELECTRONIC STATES OF AMORPHOUS
Ce-Cu, Ce-Si and Ce-Ru ALLOYS In the core level XPS spectrum of lanthanide alloys and compounds, main and satellite peaks are observed. The former is due to a non-screened core-hole state and the latter screened ones via different screening channels /17/. Based upon the Gunnarsson and Schönhammer (GS) model /19/, the f° peak intensity is related to the number of 4f-electrons and the f peak to the hybridization of the 4f-electrons with the conduction electrons in the Ce-3d core level spectra: the ot-Ce type materials (intermediate valence or mixed valence materials) have the f° component in the initial state and reveal the f° satellite, while the γ-Ce type materials have no f° component and reveal no satellite /18/. Figure 2 shows the Ce-3d core level XPS spectra of the amorphous CeisCugs, CeeeSi^ and Ce 58 Ru42 alloys /19/. These spectra consist of two or three components and each of them is divided into the two subgroups, decreasing T, C/T rapidly increases at Τ < 7 Κ, indicating that these alloys are heavy fermion systems. The values of the ground state electronic specific heat, γ(0), extrapolating the low temperature parts of the C/T versus T 2 curves to Τ = 0, are about one order larger than those of γ. Figure 4 shows the temperature dependence of magnetic susceptibility, %(T), of the Ce^Cu^, CeesSi^ and CejsRuc alloys in a magnetic field of 9.5 kOe /21-23/. χ(Τ) rapidly increases with decreasing T. The inverse magnetic susceptibility, %(T)~'. versus Γ plots is also shown The temperature dependence of magnetic susceptibility obeys the Curie-Weiss law and slightly reveals Pauli paramagnetism at low temperatures, but Since the anomalous low temperature properties have not been observed in the amorphous La-Cu and La-Si alloys /31,32/, they are ascribed to the 4f electrons. Moreover, no magnetic ordering has been observed in the magnetic susceptibility and specific heat of the amorphous Cei 5 Cus 5 , CeeßSi« and CesgRu« alloys. In the crystalline counterparts, T K , which is a good measure to estimate the 4f and conduction electron mixing and their correlation effects, is about 4, 50 and 2000 Κ for the Ce-Cu, Ce-Si and Ce-Ru intermetallics /33/. In this context, the 4f-electron and conduction-electron mixing and their correlation effects are not strong enough to overcome the effect of random atom stacking in the amorphous CeisCuss and CeeeSi^ alloys, leading to no Fermi condensation, while they are strong enough to form a Fermi liquid (coherent Kondo) state in the amorphous CesgRu« alloy.
CONCLUSION
The chemical short range structure of the amorphous CeisCuss, Ce^Si^ alloys are ordered ones, resembling their crystalline counterparts, while that of the amorphous Ce 58 Ru42 alloy is a disordered one, different from the crystalline counterpart. The electronic states of 4-f electrons in amorphous CeisCugs, Ce^Si^ and CesgRu« alloys resemble those of their crystalline counterparts: the valence state is almost trivalent for the amorphous CeisCugs alloy, about 3.2 for the amorphous Ce^Si^ alloy and about 3.22 for the amorphous Ce58Ru4 2 alloy, indicating strong hybridization between the 4f and conduction electrons in the latter two systems.
These amorphous alloys continue to manifest heavy fermion behaviors such as enhancement of the effective electron mass estimated by the low temperature specific heat measurements, probably because the electron correlation is dominated by the nearest neighbor configuration around Ce atoms. In the amorphous alloys whose crystalline counterparts have the low T K values (T K » 4 Κ for the CeCu^ intermetallic and T K * 50 Κ for CeSi 2 intermetallic), the electron correlation is not strong enough to overcome the random stacking of the short range-ordered units, the magnetically ordered and/or coherent Kondo states observed in the intermetallics are smeared out. However, the very high T K value in the CeRu 2 (T K « 2000 K) intermetallic suggests that the electron correlation effects are strong enough to remain even in the disordered state. In this context, it is worthwhile to emphasize that the Ce-rich Ce-Ru alloys reveal coherent Kondo behaviors.
